Abstract -Several arthropod pests including the hive beetles Aethina tumida and Oplostomus haroldi and the ectoparasite Varroa destructor have recently been identified as associated with honey bee colonies in Kenya. Here, we report the first documentation of Oplostomus fuligineus in Kenya, a related scarab of O. haroldi, and distribution, diversity and pattern of damage of the two scarab species on honey bee colonies. Sequence analyses of mitochondrial cytochrome oxidase I gene revealed that there was sufficient sequence divergence to separate both Oplostomus beetles. The same molecular marker separated O. haroldi according to place of origin in Kenya. We further show from analysis of feeding behavioural patterns that the two scarab species damaged honey bee combs similarly causing the most damage on brood through feeding; O. haroldi (80%), with O. fuligineus (100%). We discuss our results in relation to the threats these scarabs may pose to bee health in Kenya.
INTRODUCTION
Globally, beekeeping is an important economic activity with enormous direct and indirect benefits to both beekeepers and the environment. The realisation of the immense potential of the honey bee has led to a growing interest to comprehend its biology as evidenced from the vast amount of scholastic and nonscholastic literature on this insect. Studies and investigations spurred by this interest have led to breakthroughs and inventions which have shaped the history of beekeeping and bee research. Notably is the invention of the Langstroth box hive (Crane 1999; Graham 2004) , currently regarded as the best hive type due to its worldwide adoption and usage by most beekeepers.
Thirty years ago, the Langstroth hive was introduced into Kenya and since then beekeepers have shown a growing preference for it over traditional ones (Raina 2006) . In a recent Electronic supplementary material The online version of this article (doi:10.1007/s13592-012-0149-6) contains supplementary material, which is available to authorized users.
survey of honey bee colonies maintained in Langstroth hives in Kenya, arthropod pests including the hive beetles Aethina tumida (Coleoptera: Nitidulidae) and Oplostomus haroldi (Coleoptera: Scarabaeidae), and the ectoparasite Varroa destructor implicated in colony losses in Europe and the USA were found (Frazier et al. 2011; Torto et al. 2010) . Of the two coleopterans, A. tumida occurred predominantly on the bottom board of the Langstroth hive, while O. haroldi was a honey bee comb ivader (Torto et al. 2010 ). This finding suggests that O. haroldi is more likely to damage the honey bee colony than A. tumida. Although the nature of damage caused by A. tumida has previously been documented (Lundie 1940) , similar information was lacking for O. haroldi. To close this gap, we carried out a detailed survey of honey bee colonies for scarab pests countrywide in Kenya and herein, report their (1) detailed occurrence and distribution, (2) identification based on their 658 base pair mitochondrial DNA barcode region (Hebert et al. 2003) , and (3) patterns of damage based on recordings from an observation hive. Knowledge of the occurrence and distribution of these beetles could help develop beekeeping policies to prevent their spread into new areas in Kenya and their cost-effective management.
MATERIALS AND METHODS

Survey sites and collection of specimens
Twenty one beekeeping sites in 10 districts in five of the eight provinces (namely North-Eastern, Eastern, Central, Western and Coast provinces) in Kenya were surveyed for the presence of beetles in honey bee colonies during the major and minor wet seasons at various sites (Table S1 ). These sites were chosen to provide a representation of the major agro-ecological zones (humid, humid to sub-humid, semi-arid and arid zones) in Kenya (Reynolds 2004) . Only honey bee colonies kept in Langstroth box hives were inspected for beetle infestation as this permitted comparison of beetle infestation levels across locations.
At all the sites, only colonies of honey bees without combs constructed across frames were chosen at random for inspection within each apiary. Depending on the number of bee colonies available at each apiary, 60-100% of the hives were randomly selected for inspection. Scarab beetles found at the top board, frames, inside walls of the hive box and its bottom board were handpicked and counted as described by Torto et al. (2010) . All scarab beetles collected from the hives during the survey were tentatively identified to subfamily level using the external morphology of their mouth parts, head, legs and abdomen (Bland and Jaques 1978) , maintained on moist sterile cotton wool in rectangular plastic bowls with perforated lids and brought back to the International Centre of Insect Physiology and Ecology (ICIPE) laboratory. The insects were then kept on substrate composed of sterilised cow dung and soil (mixed in the ratio 1:1 v/v) (Torto et al. 2010) . Besides O. haroldi, another scarab, O. fuligineus (identified by M. Mutua, National Museums of Kenya, Nairobi, Kenya and confirmed by M. Barclay, Natural History Museum, London, UK), was also recovered from honey bee colonies. The different sexes of both Oplostomus species were distinguished using the morphology of their abdominal sterna, as described by Torto et al. (2010) for O. haroldi.
Genetic diversity of Oplostomus specimens
Sample preparation
Five male insects of each Oplostomus species and Pachnoda gedyei (a scarab which occurs in Kenya served as an outgroup species) were killed by freezing at −20°C for 30 min. All samples were stored in 85% ethanol at 4°C prior to DNA extraction and analysis at ICIPE.
Similarly, a subset (n=5) of each Oplostomus species (of mixed sexes) collected from various beekeeping sites were killed by freezing at −20°C for 30 min. The dead insects were later thawed and the left middle leg pulled off and stored in 85% ethanol at 4°C prior to shipment. The stored leg samples were then sent to the BOLD (Barcode of Life Data systems) laboratory hosted at the University of Guelph, Canada for DNA barcoding.
DNA extraction
DNA was then extracted from the legs, using the CTAB DNA extraction protocol (Powell et al. 2006) . Ten millilitres of isolation buffer (2× CTAB composed of 100 mM Tris-HCl at pH 8.0, 1.4 mM NaCl, 20 mM EDTA and 2% cetyltrimethyl ammonium bromide-CTAB) containing 80 μL of betamercaptoethanol in 50-mL falcon tubes was preheated in 65°C water bath for 15 min. Insect tissue from each beetle was homogenised in 150 μL of the isolation buffer. Afterwards, 150 μL of SEVAG buffer (comprising chloroform and isoamyalcohol in the ratio 24:1, respectively) was added into the homogenate and mixed gently. The homogenate was centrifuged at 150 rpm for 60 min and later at 4,000 rpm for 20 min. The supernatant of the homogenate (∼500 μL) was then transferred into a fresh tube and the sediments discarded. Approximately 300 μL of ice-cold isopropanol was added into the supernatant and the solution mixed gently and incubated at −20°C overnight. The solution was then centrifuged at 3,000 rpm for 5 min to precipitate the extracted DNA. The resulting supernatant was decanted carefully to avoid loss of DNA material. The precipitated DNA was washed twice with 70% ethanol, each time centrifuging at 3,000 rpm for 5 min and pouringoff the liquid phase. The precipitate was air dried by placing the tubes on their side for approximately 30 min and later resuspended in 40 μL of Tris EDTA (composed of 10 mM Tris-HCl at pH 8.0 and 0.25 mM EDTA).
PCR and DNA sequencing
A 680-bp region of the mtCOI gene was amplified by PCR using the primers LCO-1490 (5′ GGTCAA CAAATCATAAAGATATTGG 3′) forward and HCO-2198 (5′ TAAACTTCAGGGTGACCAAAAAATCA 3′) reverse, previously described by Folmer et al. (1994) and known to amplify the mtCOI gene in a wide range of invertebrate taxa. Amplification was carried out in 20-μL reaction volumes containing 5 U GenScript Taq DNA polymerase, 1.25 mM MgCl, 0.5 mM dNTPs, 2 μM of each primer, 1× GenScript buffer and ∼10 ng of genomic DNA template. The PCR thermocycling was carried out under the following conditions: 2 min at 94°C; 35 cycles of 1 min at 94°C, 1 min at 46°C and 2 min at 72°C; 10 min at 72°C; held at 10°C. The PCR product was separated on a 1.2% agarose gel with ethidium bromide incorporated. The PCR product of ∼680 bp (close to the target size) was excised from the gel and purified using GenScript QuickClean 5M Gel Extraction Kit (Piscataway, NJ, USA) following the manufacturer's instructions. The purified product was bi-directionally sequenced using the PCR primers on an ABI chain termination sequencing technology at a commercial facility (Macrogen Inc., Korea).
Damage pattern of scarab beetles
The aim of this experiment was to characterise the pattern of damage caused by Oplostomus species on honey bee combs. Honey bee combs constructed on standard hive frames (48.3 × 24.8 cm) which contained bee brood (larvae and pupae), pollen and honey but which were void of adult bees were used. Adult bees attacked beetles and removed any brood fed upon by beetles making it difficult to qualify and quantify beetle damage in bee presence, thus necessitating their exclusion from this experiment. They were collected from honey bee colonies managed in Langstroth hives at the ICIPE apiary and brought to the laboratory. Photographs of both sides of each comb were taken before exposure to the beetles kept in an observation hive (k GS4005 model; Dadant, Hamilton, IL, USA). Adults of both Oplostomus species were introduced into the observation hive and kept in the dark for 24 h at 30±1°C and relative humidity of 60±5% to mimic conditions inside a beehive. For O. haroldi, three treatments consisting of 20 males only (treatment 1), 20 females only (treatment 2) and a mixture of 10 males and 10 females (treatment 3) were released separately into the observation hive and the damage caused evaluated. Each treatment was replicated four times. Similarly, two treatments comprising six males and six females only were tested for O. fuligineus and replicated thrice. Treatment sizes were chosen based on results reported by Torto et al. (2010) for O. haroldi and from the first section of this study for O. fuligineus (which indicated peak infestation numbers 20 and six beetles per honey bee frame for O. haroldi and O. fuligineus, respectively). After 24 h, the observation hives were opened, the beetles removed and the frames photographed. The number of brood, pollen and honey cells damaged by the beetles were Diversity of scarab honey bee pests in Kenya counted, recorded and expressed as a percentage of the total number of cells on the frame. Damaged cells were identified as those showing partial or complete destruction which disrupted and or adversely affected their content. The total number of cells on each honey bee frame was estimated using a 10×10 cm quadrat made of steel wire. The quadrat was gently pushed onto one side of the bee frame and the number of cells within it counted. This procedure was replicated three times using both sides of the frames while avoiding areas damaged by the beetle and the three replicates used to compute the average cell number per 10 cm 2 of the comb. The total cell number on each bee frame was computed using the formula below and assuming perfect symmetry in comb structure:
where N=total cell number on frame, n=average number of cells/10 cm 2 and q=number quadrats that completely fit one side of the bee comb.
Data analysis
Distribution of Oplostomus species
Logistic regression and pairwise orthogonal comparisons were used to compare beetle counts across apiaries and sites where each beetle species was recovered. Comparisons were carried out only for sites surveyed within the same month of the year. All analyses were done at α level of 0.05 using the statistical software R version 2.1.3.0 (R Development Core Team 2011).
MtCOI sequence variations
and genetic diversity DNA sequences were edited manually using BIOEDIT (Hall 1999 ) to give consensus sequences. The primer sequences were removed from the consensus sequences resulting in a 658-bp fragment. The sequences were checked for open reading frames using the Transeq program hosted by the European Molecular Biology Open Software Suite (EMBOSS) (http://emboss.open-bio.org). The 658-bp sequences were then submitted to BOLD Multiple sequence alignment was done using ClustalX version 1.81. Phylogenetic relationships between the samples were inferred from trees constructed using the neighbour-joining (NJ) tree method in MEGA 4.0 (Tamura et al. 2007) , with 1,000 bootstrap replicates. Intra-and interspecific sequence divergence distances based on Kimura two-parameter (Kimura 1980 ) between individual species and groups of populations were also determined.
Damage pattern of Oplostomus species
The proportions of the honey bee frames damaged among treatments for each species were compared using a Kruskal-Wallis ANOVA on ranks and MannWhitney test. The proportions of brood, honey and pollen cells damaged within each treatment were compared using Kruskal-Wallis ANOVA and MannWhitney U test on ranks. Non-parametric tests were used to analyse the data as their variances were unequal. All analysis were done at an α level of 0.05 using the statistical software R version 2.1.3.0 (R Development Core Team 2011).
RESULTS
Distribution of Oplostomus species in Kenya
Out of a total of 108 honey bee colonies inspected from 35 apiaries in 22 locations, 14.8% colonies in six locations showed infestation by both Oplostomus species (Figure 1) . The occurrence of O. fuligineus (Figure 2b ) was limited to the eastern province while O. haroldi (Figure 2a ) was found in the coast and eastern provinces.
A total of 96 adult O. haroldi were recovered from Kitui (11), Mtwapa (2) and Muhaka (83) while 26 O. fuligineus adults were recovered from Kinna (16), Isiolo Central (9) and Il Parua (1). Infestation levels of O. haroldi were significantly different between Kitui and Mtwapa (χ 2 =7.21, P=0.007). Similarly, there were significant differences in counts of O. fuligineus across sites where it occurred (χ 2 =3.39, P=0.009). Nevertheless, pairwise orthogonal comparisons showed that the occurrence of O. fuligineus did not vary significantly across and within the three locations (P>0.05). The majority of both beetle species were observed on the frames inside the hives.
MtCOI sequence variation and genetic diversity
A total of 28 sequences were used for analyses. All sequences were highly AT biased with an average A+T content of 66%. The average interspecific K2P distance was lowest between O. haroldi and P. gedyei (17.4%), followed by that between O. haroldi and O. fuligineus (17.7%) and highest between O.
fuligineus. and P. gedyei (20.9%) (Figure 3a) . Intraspecific distances averaged 1.6% across all three scarabs and varied from 0.1% in O. fuligineus, through 1.6% in P. gedyei to 3.0% in O. haroldi. The evolutionary relationships between both Oplostomus beetles and the outgroup P. gedyei revealed two clusters, one containing both Oplostomus species and the other P. gedyei (Figure 3a) . All mitochondrial sequences (n = 14) have been deposited in GenBank under accession numbers JQ658361-JQ658374.
A similar neighbour-joining (NJ) cluster analysis carried out for O. haroldi samples from four different locations showed that they clus- Diversity of scarab honey bee pests in Kenya tered into three groups according to their locations of origin except for the lone sample from Matuu which was part of the Taita group (Figure 3b ). All mitochondrial sequences of O. haroldi beetles originating from the different locations have been deposited in the GenBank with accessions HQ962707-HQ962715 and HQ962718-HQ962721.
Damage pattern of Oplostomus species
O. haroldi fed on brood (both capped and uncapped), honey and pollen on the combs while O. fuligineus only fed on brood (Figure 4) . Feeding resulted in a characteristic damage pattern consisting of either small (1-3 cells) and large (>5 cells) clusters of damaged cells. The small cells were derived from feeding on a fourth or fifth instar larva or pupa across neighbouring cells, while large clusters resulted from either burrowing into a single cell containing second or third instar larva or capped pupa cell. Both species consumed more brood compared to honey and pollen (Table I ) (H 2,9 = 8.011, P<0.001; U<0.0001, P=0.029 for treatments 1 and 3), which reflected a nonsignificant pattern between the different treatments of each species (H 2,9 =0.382, P=0.826 and U=4.0, P=1.0 for O. haroldi and O. fuligineus, respectively). 
DISCUSSION
The present results show a clear occurrence pattern and diversity of large hive beetles in Kenya. Two large hive beetle species O. haroldi and O. fuligineus were found in Langstroth hives in specific non-overlapping areas; O. fuligineus occurred mainly in the semi-arid eastern area whereas O. haroldi occurred predominantly within the coastal and highland areas of Kenya, in agreement with previous findings (Torto et al. 2010) . It is unclear why the two related scarabs appear not to overlap in their geographic range, but it is possible that geographical physical barriers (e.g. Mt. Kenya) could play a role to limit their spread into new areas in Kenya. The fact that migratory beekeeping for pollination of crops is not practiced in Kenya may also be a key contributing factor. On the other hand, the small hive beetle A. tumida was found at all the survey sites coexisting with these scarabs inside the hive. The difference in the geographic ranges of the scarabs and the nitidulid may be associated with their different oviposition and reproductive behaviours. While A. tumida can reproduce inside the honey bee colony, the scarabs require decomposing plant materials and herbivore faeces for oviposition and larval development as observed in the field for O. fuligineus by Donaldson (1989) and Johannesmeier (2001) , and demonstrated under laboratory conditions for O. haroldi by Fombong et al. (2012) .
The mtCOI gene sequences generated from this study segregated O. haroldi from O. fuligineus and may serve as taxonomic barcodes for their identification. The A+T content of these sequences were similar to those reported for other beetles (Raupach et al. 2010; Monaghan et al. 2005) . Exploratory analyses of mtCOI gene fragment obtained from O. haroldi collected at different locations revealed population-specific haplotypes (not shown). However, the clustering of one O. haroldi individual from Matuu with others from Taita suggests the necessity to use additional molecular markers to resolve population-related differences. Although mtCOI sequence analysis demonstrated its usefulness as a taxonomic tool to separate the two beetle species, a larger sample size from different locations may be required to gain more insight into the genetic variability of the scarab pests of honey bees in Kenya. Previous studies by Omondi et al. (2011) and Raupach et al. (2010) showed that mtCOI gene sequences enabled discrimination of different species of beetles with a higher accuracy compared to other molecular markers such as ITS (internal subscribed spacers) and rDNA (ribosomal DNA). The barcodes generated from this study will improve the delineation of these beetles from one another.
Our data show that both species of beetles fed more on brood than on any other hive food source. The strong preference for brood may be due to an innate biological demand for nutrients essential for survival and reproduction of the beetles. These findings confirm those of a previous study by Donaldson (1989) which reported that O. fuligineus consumed mainly brood when in the field, but also fed on pollen and honey when maintained in the laboratory. Interestingly, this author noted that the beetle was only capable of reproduction when fed on brood, suggesting that olfactory or contact cues may be involved in their food selection. This suggestion warrants further study. Herein, we also provide the first quantitative estimates for O. haroldi and O. fuligineus damage to combs in the absence of bees. Besides their damage to hive resources, they also destroyed the comb structure. However, it would be interesting to investigate scarab damage in bee-occupied frames in order to obtain a clear assessment of their potential threat to bee production in the affected areas.
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